Abstract: In the view of the exploring novel flame retardants for polymers, modacrylic fibers, which consist of acrylonitrile and vinylidene dichloride, containing metal oxide have been investigated by thermogravimetric-mass spectrometry (TG-MS) analysis. It was found that, among the examined oxides, germanium and antimony oxides formed the corresponding volatile chlorides through the reactions of oxides with hydrogen chloride formed during thermal decomposition of the polymer. The results have been discussed in the framework of thermochemistry. Based on the equilibrium calculation of the polymeroxide mixture, the predominance diagrams of the M-O-Cl systems (M = Sb and Ge) show that the chlorides are the most stable phases at 573 K, at which temperature the major decomposition of the polymer starts. These results suggest that GeO 2 would be a possible candidate of a flame retardant for chlorinated polymers. However, combustion experiments revealed an insufficient performance of the oxide. The inductively coupled plasma with atomic emission spectroscopy (ICP-AES) analysis showed the reactivity of GeO 2 for HCl was inferior to that of Sb 2 O 3 , and X-ray fluorescence spectrometer (XRF) analysis of the solid thermal decomposition products showed that the evaporation of germanium was less intense than that of the conventional antimony system. This result is presumably due to the smaller rate of the chlorination of GeO 2 than that of Sb 2 O 3 .
Introduction
Modacrylic fiber, which consists of copolymerized acrylonitrile and vinylidene chloride, containing Sb 2 O 3 is an inherently self-extinguishing flame-retardant fiber that imparts excellent flame retardancy to fabrics in blends with other flammable fibers, such as cotton or polyester fiber [1] . Although antimony oxide has been used for many years as best flame retardant of halogenated polymer, alternative flame-retardant additives are desired due to the environmental concerns.
Many investigators have studied the mechanism of its chemical action as a flame retardant by different approaches and reached an almost common mechanism, in which antimony oxide reacts with halogenated compounds and forms antimony halides that act as a flame inhibitor in gas phase [2] [3] [4] [5] . However, it is still unclear whether it acts as free radical scavengers or as diluted gas against oxygen. Furthermore, it is not clarified as well whether there are no alternative candidates which acts as a flame retardant with same behavior as antimony oxide, although various studies have been conducted so far. Zinc compounds (zinc borate, zinc stannate, zinc hydroxyl stannate and its related compounds) give good flame retardancy for poly(vinyl chloride) (PVC), through the enhancement of char formation [6] [7] [8] . Molybdenum oxide and related compounds are also char-forming additives that function as smoke suppressants [9] [10] [11] .
Some hydroxides, alumina trihydrate or magnesium hydroxide, are also used as flame retardants for PVC because of their cost advantage [12] . It is believed that these hydroxides provide flame-retardant effects both in the gas phase and the solid phase [13] . Nano-fillers such as hydrotalcite or some hydroxides give high flame retardancy at low addition levels in PVC [14] . In our recent study, flame retardancy of fabrics consisting of modacrylic fiber containing various suspended metal compounds and cellulosic fiber has been investigated by means of vertical flame test (ISO15025 procedure A) and limiting oxygen index (LOI). It has been found that excellent flame retardancy is achieved by fine-grained MoO 3 particles. The after-flame time in vertical flame test and the LOI value are improved with decreasing particle size of MoO 3 . The flame retardancy of MoO 3 of the particle size about 0.1 μm is comparable to that of Sb 2 O 3 [15] . In the study, the mechanism of its flame retardancy has been discussed by X-ray fluorescence (XRF) spectrometer measurement of the fabric specimen after the vertical flame test and thermogravimetric analysis (TGA) of various types of samples. These analytical data indicate that MoO 3 works as flame retardant in solid phase.
To clarify the mechanism of flame retardancy mentioned above, a lot of studies have focused on the measurement of thermal decomposition behavior or on the analysis of the residue after thermal treatment. On the contrary to this situation, the thermodynamics of the chlorination reaction between the metal oxides and halogenated compound are not well investigated so far.
In our previous studies, the reactivity of oxide with chlorinated compounds, emitted during thermal degradation of PVC, was discussed in terms of thermodynamics [16, 17] . Although it is difficult to represent the combustion condition with thermodynamic terms because the local partial pressures should change during thermal decomposition of polymers, we believe the thermodynamic approach is effective on discussing the reaction of metal oxide with chlorinated compounds, the reaction that contributes to the flame retardancy for polymer materials.
The objective of our present work is to find out modacrylic fiber containing metal oxides that vaporize as metal chloride under the thermal degradation process by analyzing evolved gases from the specimen and to estimate the mechanism by using thermodynamic consideration. Furthermore, we trace the reason why antimony oxide is superior to other metal oxides as a flame retardant.
Experimental procedures Materials and preparation of specimens
The modacrylic fiber with metal oxides was prepared as follows. A copolymer consisting of 52 wt.% of acrylonitrile, 46.8 wt.% of vinylidene chloride and 1.2 wt.% of sodium styrenesulfonate was synthesized, and the copolymer was dissolved in acetone. Then, 10 parts by weight of metal oxide was added to 100 parts by weight of the copolymer to prepare a spinning solution. The spinning solution was extruded into an aqueous/acetone solution through a nozzle. The fibers thereby formed were washed with water and dried and thermally treated. Finally, the fiber was crimped and cut into a length of 51 mm.
In the present study, we selected the metal oxides based on the prerequisites as follows: (1) (Details are stated in the Section "Results and discussion"). The metal oxides in the present study were fine-grained to submicron particle size by a bead mill and dispersed in fiber in order to make the reaction easier between the metal oxides and hydrogen chloride.
Methods
The analysis of evolved gases (m/z = 0-300) was carried out with a TGA (Rigaku Corp., ThermoPlus) coupled with a mass spectroscope analyzer (Agilent Technologies, 5973inert) (TG-MS). A sample (typical mass of 1 mg) was placed on a platinum pan. The flow rate of the carrier gas consisted with He and O 2 (80 and 20 wt.%, respectively) was adjusted to 250 ml/min. Then, the furnace was heated from 293 to 923 K at a heating rate of 10 K/min.
The analysis of the metal elements, which remained in the char residues formed by thermal degradation analysis, was carried out with an inductively coupled plasma with atomic emission spectroscopy (Shimadzu Corp., Agilent Technologies, ICPS-7510) (ICP-AES). The Sb containing samples decomposition was performed by pressurized acidolysis method, after adding sulfuric acid, nitric acid and hydrofluoric acid. The Ge containing sample decomposition was performed by alkaline resolution method, after adding sodium carbonate and potassium carbonate.
Thermochemical calculations were performed with a software package FactSage Ver.6.4 (Thermfact and GTT-Technologies). In the present study, we evaluated the equilibrium oxygen and chloride partial pressures by assuming the simplified sample composition (acrylonitrile: vinylidene chloride: metal oxide = 50:50:10 (wt.%)). Figure 1 shows the mass spectra of evolved gases derived from additive-free modacrylic fiber at the heating range of 293-923 K. As seen in the figure, modacrylic fiber has mainly evolved HCl, CO, CO 2 [18] [19] [20] that Sb 2 O 3 is unique substance which has a potential to act as gas phase flame retardant. Here, we should note that SnO 2 , MoO 3 and Bi 2 O 3 act as flame retardant in the solid phase because we have confirmed the flame retardancy of modacrylic fiber containing these metal oxides by vertical flame spread test and LOI test [15] . 
Results and discussion

TG-MS analysis
Thermodynamics analysis
Thermodynamic aspects of the chlorination reaction between the metal oxides and hydrogen chloride derived from modacrylic polymer have been investigated with the software package FactSage Ver.6.4. Figures 6-9 show the potential stability diagrams of the Sb-Cl-O, Sn-Cl-O, Mo-Cl-O and Bi-Cl-O systems at 573 K. The calculation result of partial pressures for chlorine and oxygen calculated by the method stated in Section "Methods" is displayed as circle in the figures . The values of the partial pressures of hydrogen chloride, water, oxygen and chlorine are also listed at the bottom of each figure. As seen in the figures, Sb 2 O 3 can be chlorinated under the equilibrium condition and potentially stable as SbCl 3 gas at 573 K. The result indicates that Sb 2 O 3 can react with hydrogen chloride derived from modacrylic polymer and forms SbCl 3 gas under the thermal degradation process. In contrast to this, SnO 2 can be chlorinated under the equilibrium condition, and liquid SnCl 2 is potentially stable at 573 K. As for MoO 3 , solid MoO 2 is potentially stable. This result supports our previous study for modacrylic fiber containing MoO 3 , where we observed that MoO 3 was reduced to tetravalent oxide at high temperature under inert atmosphere. As for Bi 2 O 3 , liquid Bi is potentially stable. From this consideration, it is clear that these three metal oxides are difficult to act as flame retardants in the gas phase.
The results evaluated by thermodynamic calculation coincide with TG-MS results in the present study and the knowledge from the previous researches. Therefore, we deduce the method is adequate to decide reactivity of metal oxide with halogenated compounds which contribute to the flame retardancy for polymer materials, and hence, the thermodynamic approach deserves more than a passing notice. Based on thermodynamic approach, we investigated Al 2 O 3 , SiO 2 , TiO 2 , GeO 2 , ZrO 2 , Nb 2 O 5 and WO 3 as alternative metal oxides that can be expected to act as flame retardant in the gas phase because the boiling point of the corresponding chlorides are substantially low at temperature below 750 K. Figures 10-16 show potential stability diagrams of the Al-Cl-O, Si-Cl-O, Ti-Cl-O, Ge-Cl-O, Zr-Cl-O, Nb-Cl-O and W-Cl-O systems at 573 K. There are no substances whose stable phase are gaseous metal chloride, except GeO 2 at 573 K. GeO 2 can be chlorinated under the equilibrium condition and potentially stable as gaseous GeCl 4 at 573 K. The result indicates that only GeO 2 can react with chlorinated compounds derived from modacrylic polymer and forms GeCl 4 gas under the thermodegradation process.
Thermal degradation property and flame retardancy evaluation for GeO 2 containing modacrylic fiber TG-MS analysis for GeO 2 containing modacrylic fiber 
ICP-AES analysis
To understand the vaporized amount of GeCl 4 under the thermal degradation process, the amount of Ge element in the fiber before and after the thermal degradation has been evaluated by ICP-AES. We also evaluated Sb 2 O 3 as the reference. Table 1 shows the element mass % of germanium and antimony in samples before and after thermal degradation. It indicates that 58 % of germanium still remain in the modacrylic fiber after the thermal degradation, while only 5 % of antimony remain in the fiber. The results indicate that the vaporized amount of GeCl 4 which is formed by the reaction of GeO 2 with HCl is less than that of Sb 2 O 3 , although GeO 2 can be chlorinated under the equilibrium condition and potentially stable as GeCl 4 gas under the thermal degradation condition. The activation energy for chloride reaction of GeO 2 is presumably higher than that of Sb 2 O 3 because the particle size of GeO 2 in the modacrylic fiber is smaller than that of Sb 2 O 3 and the reaction 
XRF spectrometer analysis
Experiments using XRF analysis for GeO 2 containing fabric specimen after vertical frame spread test was made to investigate whether GeO 2 in the modacrylic polymer could react with chlorinated compounds emitted during thermal decomposition of polymer to form germanium chloride gas. Figure 18 shows the picture and elemental maps of fabric specimens containing GeO 2 and Sb 2 O 3 after the vertical flame spread test. In element maps, white point indicates the existence of the element, while the black point indicates its absence. It is obvious that Ge element still remains in the specimen, while Sb element is absent at the flame position. The data suggests the performance of GeO 2 as flame retardant in gas phase is inferior to that of Sb 2 O 3 .
Conclusion
Modacrylic fibers containing the metal oxides that can vaporize as metal chloride under the thermal degradation process have been investigated by TG-MS analysis, and estimated the mechanism by using thermodynamics consideration. The results of the present study are summarized as follows: 
